The regulated repression of transcription is key to many biological processes. These include cell-fate decisions during development and cellular differentiation, as well as the maintenance of homeostasis. SMRT and NCoR are large homologous corepressor proteins that were identified through their role in transcriptional repression by many different nuclear receptors, either in the absence of ligands or when bound to synthetic antagonists 1 . SMRT and NCoR are also recruited by many other DNA-binding transcription factors, including BCL6, Kaiso, ETO, MEF2C,. Hence, SMRT and NCoR have important and general roles in mediating transcriptional repression. Indeed, mice lacking either SMRT or NCoR die during early embryogenesis owing to multiple developmental failures 9,10 . In humans, SMRT and NCoR have been implicated in several leukemias and in the regulation of metabolism, lifespan and circadian physiology 3, [11] [12] [13] [14] [15] .
The regulated repression of transcription is key to many biological processes. These include cell-fate decisions during development and cellular differentiation, as well as the maintenance of homeostasis. SMRT and NCoR are large homologous corepressor proteins that were identified through their role in transcriptional repression by many different nuclear receptors, either in the absence of ligands or when bound to synthetic antagonists 1 . SMRT and NCoR are also recruited by many other DNA-binding transcription factors, including BCL6, Kaiso, ETO, MEF2C, CNOT2 and CBF1 (refs. 2-8) . Hence, SMRT and NCoR have important and general roles in mediating transcriptional repression. Indeed, mice lacking either SMRT or NCoR die during early embryogenesis owing to multiple developmental failures 9, 10 . In humans, SMRT and NCoR have been implicated in several leukemias and in the regulation of metabolism, lifespan and circadian physiology 3, [11] [12] [13] [14] [15] .
When purified from HeLa cell extracts, SMRT and NCoR are found within large assemblies that have an apparent molecular weight of 1.5-2 MDa [16] [17] [18] . Various approaches have demonstrated that the SMRT and NCoR complexes are associated with multiple histone deacetylase enzymes, suggesting a mechanism in which these proteins mediate transcriptional repression through the deacetylation and condensation of chromatin 19, 20 . The relative importance of each of the various histone deacetylase enzymes has yet to be fully established; however, it has been demonstrated that HDAC3 recruitment to the complex is essential for repression by certain nuclear receptors as well as for normal circadian metabolic physiology 21, 22 . Notably, the enzymatic activity of HDAC3 is greatly enhanced by recruitment to the repressor complex through interaction with the SMRT deacetylase activation domain (DAD) [23] [24] [25] . In addition to HDAC3, both SMRT and NCoR form stoichiometric complexes with the proteins GPS2 (also known as AMF1) and TBL1 (and/or its homolog TBLR1) 16, 24, 25 . GPS2 and TBL1 interact with the conserved core region of SMRT and NCoR, which has been characterized as repression domain-1 (RD1) 26 . GPS2 has been reported to interact with a number of transcriptional regulators, including p53, LXR, RFX4_v3 and papillomavirus proteins E2 and E6, as well as the human DNA repair proteins MSH4 and MSH5 [27] [28] [29] [30] [31] [32] . In several of these cases it seems that GPS2 is involved in transcriptional activation, but the role of GPS2 in both activation and repression complexes is poorly understood.
TBL1 is a WD40 repeat-containing protein that is highly conserved from yeast to human and has been implicated in late-onset sensineural deafness 33 . In addition to TBL1, the closely related homolog TBLR1 is also found associated with the corepressor complexes. Both TBL1 and TBLR1 have a strongly conserved N-terminal domain that has been suggested to contain LisH and F-box-like motifs; the F-box-like motif has been proposed to mediate interaction with the SCF ubiquitin ligase complex and with the E2 ubiquitin ligase UbcH5 (ref. 34) . The N-terminal domain of TBL1 has also been reported to mediate interactions with the tails of histones H2B and H4 (refs. 24,35,36) . Like GPS2, TBL1 and TBLR1 are also thought to be involved in transcriptional activation. This may be explained by TBL1 acting as a coregulator exchange factor 34 .
We have used a variety of structural and functional approaches to gain insight into the assembly, stoichiometry and biological role of the 1 7 8 VOLUME 18 NUMBER 2 FEBRUARY 2011 nature structural & molecular biology a r t i c l e s core repression complex, using human proteins expressed in bacteria or mammalian cells. We have closely mapped the regions required for formation of the SMRT-TBL1-GPS2 complex. The crystal structure of the minimal interaction region within TBL1 reveals a tetrameric oligomerization domain that mediates interaction with both SMRT and GPS2. We have identified a consensus motif in SMRT, NCoR and GPS2 that mediates interaction with this oligomerization domain of TBL1 and have modeled these interactions using mutation-guided docking protocols. We also report the NMR structure of the complex between SMRT and GPS2. This takes the form of a tight antiparallel coiled coil that indicates that a tight interaction with TBL1 will probably require both the SMRT and GPS2 coregulator proteins. Together, our studies reveal how TBL1 plays a central role in mediating the assembly of the transcriptional repression machinery.
RESULTS

SMRT, TBL1 and GPS2 form a three-way complex
Previous studies have shown that regions comprising residues 161-225 and 226-312 of SMRT are sufficient for interaction with GPS2 1-103 and TBL1 , respectively 25 . We confirmed and refined these interaction regions using copurification assays in which one component was tagged with either glutathione S-transferase (GST) or His 6 (Fig. 1) . A stoichiometric ternary complex readily copurified, and this was the result of a three-way interaction (Fig. 1a) . Each component also interacted in binary complexes with the other components. Notably, SMRT 167-297 and GPS2 1-90 were both protected from proteolysis when in a complex with TBL1, but not when they interacted with each other. This prompted us to map more closely the various interaction regions.
SMRT was sufficient to interact with GPS2, but not TBL1 (Fig. 1b) . This interaction required, at minimum, residues 53-90 of GPS2. The C-terminal fragment SMRT 227-297 was sufficient to interact with the minimal domain TBL1 1-71 , but not GPS2. TBL1 in turn interacted with GPS2 . This three-way interaction (Fig. 1c) suggests TBL1 forms a single protease-resistant domain that interacts with both GPS2 and SMRT. These regions in SMRT and GPS2 are predicted to be natively unstructured linear motifs. Proteolysis observed in the copurification assays ( Fig. 1) as well as protease mapping (data not shown) supported the idea that SMRT and GPS2 become folded and resistant to proteolysis on interaction with TBL1. The mutually interacting regions in SMRT and GPS2 are predicted to form a coiled coil.
To understand the assembly of the core repression complex, we purified a number of single, binary and ternary complexes for structure determination. Many crystals of these complexes were obtained, but diffraction was limited to around 5 Å. However, we were able to determine the NMR structure of the complex between SMRT 167-207 and GPS2 and also the crystal structures of TBL1 1-90 and TBL1 .
NMR structure of the SMRT-GPS2 complex
The structure of the minimal complex between SMRT 167-207 and GPS2 was determined by NMR spectroscopy ( Table 1) . Figure 2a ,b show overlays of the ten structures with fewest NOE violations. The proteins interact through a coiled-coil structure with an antiparallel arrangement (Fig. 2c,d ). This is unusual as the majority of coiled coils observed in protein complexes adopt a parallel orientation 37 . However, antiparallel coiled coils are equally stereochemically favorable. The orientation of coiled coils is specified not in the nonpolar amino acid residues involved in the interface core, but rather in the mostly charged residues located adjacent to the nonpolar core in positions a-g′ and g-a′ for parallel coiled coils, and a-a′ and g-g′ for antiparallel coiled coils (prime symbols indicate a position on the opposite subunit; Fig. 2 ). Figure 2d shows the favorable interactions that, in this case, uniquely specify an antiparallel orientation (see also Supplementary Fig. 1a) . Notably, there are two pairs of acidic residues in apparent close proximity (GPS2 Glu58-SMRT Glu203, and GPS2 Glu82-SMRT Glu182). However, these apparently unfavorable interactions seem to be compensated by adjacent basic side chains. An important consequence of the antiparallel orientation of the interaction between SMRT and GPS2 is that it positions the TBL1 interaction regions at one end of the coiled coil.
Structures of TBL1 N-terminal domain
Two different diffraction-quality crystal forms were obtained for constructs of the TBL1 N-terminal domain (TBL1-NTD) different lengths. The longer construct, TBL1 , gave crystals of space group P6 1 22 that diffracted to 2.2 Å. Crystals of the shorter construct (TBL1 , space group P3 2 12) diffracted to 3.0 Å ( Table 2) .
The structure of TBL1 was solved by molecular replacement using the dimeric two-helix LisH domain from Lis1 (PDB 1UUJ; ref. 38 ). This equates to only 30% of the amino acid residues in the Figure 1 Mapping the interactions among TBL1, SMRT and GPS2. (a) Coomassie-stained SDS-PAGE gels assaying the interactions between the indicated proteins. We copuprified a ternary complex of GST-SMRT 167-297 , TBL1 and GPS2 , and binary complexes of GST-SMRT 167-297 with TBL1 , GST-SMRT 167-297 with GPS2 , and His-TBL1 1-90 with GPS2 . Filled triangles indicate the tagged protein. Both SMRT and GPS2 underwent proteolysis in the absence of TBL1 (∆GPS2 indicates a degradation product, confirmed by mass spectrometry). (b) Refinement of interaction regions via Coomassie-stained SDS-PAGE gels. The tagged protein is listed above the gel and indicated by a filled arrow. Open arrows indicate copurified interacting proteins. SMRT is sufficient for interaction with GPS2 53-90 but does not interact with TBL1. SMRT is sufficient for interaction with TBL1 1-71 but not GPS2. TBL1 is sufficient for interaction with GPS2 1-60 but not GPS2 . In the first gel, GPS2 1-90 ran as two species; one is a degradation product, confirmed by mass spectrometry. (c) Schematic representation of the three-way complex. a b c GPS2 GPS2 1-90 ∆GPS2 TBL1 GST-SMRT 167-297 GST-SMRT HIS-TBL1 GST-SMRT GST-SMRT 167-297 GST-TBL1 1-90 GST-TBL1 DAD a r t i c l e s TBL1-NTD construct. A clear solution was obtained nevertheless, but initially only limited electron density was apparent for the remainder of the structure, which was built during iterative rounds of refinement. TBL1-NTD forms a tight dimer, and these dimers further assemble to form a tetramer (Fig. 3a,b) .
Dimer interface
The primary dimerization interface is formed from the conserved LisH motif and is shared in the related proteins Lis1 and FOP (Supplementary Fig. 1b) 38, 39 . The LisH motif consists of two helices that come together to form an antiparallel four-helix bundle. In the interior of this bundle are the conserved nonpolar residues that characterize the LisH motif. These include Val8, Val12, Tyr15, Leu16, Phe21 and Phe28. There are also several conserved polar contacts at this interface. Of note is a hydrogen bond between the conserved side chains of Tyr15 and Asn9′. Also, Glu31 forms hydrogen bonds to the amides of Ser22′, His23′ and Ser24′, and a charged interaction with the helix dipole. The dimerization interface in TBL1 is much more extensive than just the LisH motif. On the C-terminal side of the LisH motif, there is an extended and irregular loop that wraps over the surface of the four-helix bundle and joins a third, more extended helix. This helix forms part of the dimer interface. The two helices cross over, forming a symmetrical, X-shaped structure that rests on the four-helix bundle. There are many nonpolar interactions between the top of the four-helix bundle and the X-shaped structure. These include Ile3, Val8, Leu11, Tyr15, Ala48, Leu49, Ile50 and Leu53. All together, the dimer interface comprising the three interlocking helices buries ~2,600 Å 2 of its surface.
Notably, the lower portions of the crossing helices interact with the LisH domain in a very similar way to the analogous helices in the Lis1 structure. However, in the Lis1 structure one of the helices is bent so as to make the structure asymmetrical ( Supplementary  Fig. 1b) . Instead of the splayed ends of the crossing helices observed in TBL1, the helices in Lis1 form a coiled coil. This seems to be a genuine difference between TBL1 and Lis1 as the asymmetry in Lis1 is observed in two dimers within the crystal lattice. In the crystals of TBL1, we observed a symmetrical arrangement of the long and the short proteins, for which the crystal-packing environment is distinct. There are further notable differences between Lis1 and TBL1 in the path of the loop that joins the four-helix bundle to the additional helices. This makes the shape and character of the TBL1 surface distinct from that of Lis1.
In TBL1, the region C-terminal to the LisH motif has been suggested to contain an F-box-like motif 34 . However, this region in TBL1 differs in both sequence and structure from established F-box motifs, and it seems unlikely that it shares the same functionality.
Tetramerization interface
Within the crystal lattice, two TBL1-NTD dimers interact through the base of the four-helix bundle, creating a tetramer. Several surface-exposed residues interdigitate at the interface (Fig. 3) . His23 makes a hydrogen bond to its symmetry partner across the tetramer interface and also stacks on Phe26 in the other dimer. Ile30 is in nonpolar contact with Phe26 and Ile30′. The four Thr27 side chains in the two dimers are positioned so as to make hydrogen bonds with an ordered water molecule at the center of the interface (Fig. 3c,d ). Together, these interactions between TBL1 dimers bury ~1,100 Å 2 . Given the character of the interface, it seems likely that this tetramerization is biologically relevant. This is supported by our findings that the shorter TBL1 1-71 also forms a tetramer in the crystal lattice, and a third crystal form of TBL1 , which diffracted to 3.9 Å, has three tetramers in the asymmetric unit (Supplementary Fig. 2a ). All other packing interactions in these lattices are different. Further support Inter-residue
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Violations ( Fig. 2b ). Furthermore, mutation of Phe26 at the tetramerization interface resulted in a gel-filtration profile consistent with a dimer. Finally, NMR HSQC spectra of the wild-type and mutant proteins strongly support the interpretation of tetramers and dimers, respectively (Supplementary Fig. 3) . Notably, the LisH motif-containing protein FOP also forms a tetramer in the crystal lattice using the analogous interface. Exposed phenylalanine residues mediate stacking interactions between the two dimers. However, it has not been suggested that this is a biologically relevant interface in this protein 39 . Lis1 does not form a tetramer in the crystal lattice 38 .
SMRT and GPS2 bind to overlapping surfaces on TBL1 As both SMRT and GPS2 interact directly with TBL1, we expected TBL1 to have two distinct interaction surfaces. Examination of the surface of the TBL1 dimer revealed a number of candidate interaction surfaces (Fig. 4a,b) . One of these (marked ' A') is formed between the helical arms of TBL1 and hence has an internal two-fold symmetry. It consists of a fairly wide groove, at the base of which lie two tyrosine rings (Tyr59), making a largely nonpolar platform. Two other symmetry-related candidate interaction surfaces are the two deep grooves below the helical arms of TBL1 (marked 'B' in Fig. 4b,c) . These grooves are remarkably nonpolar in character and are formed from the side chains of Ile3, Val8, Phe10, Leu11, Ile39, Leu43, Val44, Pro45, Ala48, Ile52, Leu57′ and Val60′. Glu7 is the only polar residue that contributes to this surface.
To test whether these surfaces on TBL1 are important for interaction with SMRT or GPS2, we made a number of mutations of largely solvent-exposed residues that would not be predicted to perturb the global fold of the protein but might perturb intermolecular interactions. The ability of these mutant proteins to bind to SMRT and GPS2 was tested by pull-down assays. No mutations in site A were found to perturb interaction with either SMRT or GPS2 (data not shown). However, mutations in three residues in site B (Ile39, Leu57 and Val60) did result in a substantial reduction in the ability of both SMRT and GPS2 to bind to TBL1, but did not affect the chromatographic behavior of TBL1, suggesting that the domain was still folded correctly ( Fig. 4d-f) . The most marked effect was seen with the mutation V60N, which essentially abolished interaction with both proteins. The finding that SMRT and GPS2 seem to bind to the same surface of TBL1 was at first surprising to us, but can be explained in the context of the whole complex (see below).
To confirm that the V60N mutation prevents corepressor recruitment in cell-based assays, we exploited the ability of the Gal4-DNA-binding domain (Gal4-DBD)-fused TBL1-NTD to repress transcription of a luciferase reporter gene in a dose-dependent fashion (Fig. 4g) . In contrast to the wild-type TBL1-NTD, the V60N mutant did not repress transcription of the reporter gene-presumably because it is unable to recruit the corepressor complex and associated HDAC proteins (Fig. 4h) .
A common TBL1 interaction motif in SMRT and GPS2 As mentioned above, the fact that SMRT and GPS2 interact in an antiparallel orientation places the TBL1 interaction regions from both partners at the same end of the coiled coil. The additional finding that GPS2 and SMRT both interact in the symmetry-related nonpolar grooves on TBL1 suggests an elegant matching of symmetry such that the two-fold symmetry of the TBL1 homodimer is matched by the antiparallel orientation of the SMRT-GPS2 heterodimer (Fig. 5a) . This prompted us to look for a sequence motif that might be present in both SMRT and GPS2 at similar distances from the coiled-coil motif. Figure 5b shows the reverse (antiparallel) alignment of GPS2 and SMRT. There is no extensive sequence homology between the two proteins. However, a short region in both proteins is predicted to have helical secondary structure, and there are sequence similarities defining a short motif in this region: A-x-x-A/L-H-R/K-x-Φ (where Φ is a large nonpolar residue and x is any residue). Notably, this sequence motif is conserved in the SMRT homolog NCoR and in all species of SMRT, NCoR and GPS2 that we were able to identify in databases. Plotting this motif as a helical wheel revealed that it would form a a r t i c l e s helix with one conserved nonpolar surface and a less conserved polar surface but with a conserved basic residue (Fig. 5c) .
To test whether this probable amphipathic α-helix is the region that interacts with TBL1, we mutated three residues in the motif (A-x-x-A/L-H-R/K-x-Φ motif to A-x-x-A/L-A-E-x-A). Pull-down assays (Fig. 5d) showed that in both GPS2 and SMRT the mutation of these residues totally abolished interaction with TBL1. This finding was further confirmed using mammalian two-hybrid assays, in which mutations in SMRT abolished the ability of VP16-tagged TBL1 to activate a reporter gene (through interaction with Gal4-DBD-tagged SMRT) and vice versa with the opposite tags (Fig. 5e,f) .
To measure the relative binding affinities of GPS2 and SMRT peptides for TBL1, we performed in vitro fluorescence polarization assays with purified proteins (Fig. 6a,b) . The dissociation constants for the SMRT 227-260 and GPS2 1-52 peptides were 14.7 (s.d. 0.9) µM and 5.1 (s.d. 0.3) µM, respectively, suggesting a relatively weak interaction with TBL1. However, the coiled-coil interaction between SMRT and GPS2 means that the SMRT-GPS2 complex is likely to interact more tightly with TBL1. To explore this, we created a chimeric peptide in which residues 1-49 of GPS2 were fused with residues 220-260 of SMRT (Fig. 6a) . This peptide bound with an apparent affinity of 0.95 (s.d. 0.1) µM. We expected that the interaction with the chimeric peptide would mimic the interaction with the SMRT-GPS2 complex. The higher binding affinity emphasizes the importance of the three-way interactions in mediating assembly of the complex.
Confirmation that the interactions seen in the in vitro assays are relevant in vivo was obtained with coimmunoprecipitation assays in which a Flag-tagged SMRT-GPS2 chimera was transfected and used to coimmunoprecipitate endogenous and cotransfected full-length TBL1 (Fig. 6c-e) . A chimeric peptide in which both the TBL1 interaction sites were mutated (see Fig. 5d ) was unable to coimmunoprecipitate TBL1. The interaction between the chimera and TBL1 was sufficiently robust that relatively large amounts of the two proteins could be purified from HEK293 cells as a binary complex (see the Coomassie-stained gel in Fig. 6e ). Further support for the role of the TBL1 tetramer's nonpolar grooves in mediating interaction with SMRT and GPS2 was provided by a mammalian twohybrid experiment in which the TBL1 V60N mutant showed markedly reduced interaction with the SMRT-GPS2 chimera (Fig. 6f) .
Modeling the TBL1 interaction with SMRT and GPS2 peptides
To gain insight into the possible modes of interaction of these peptides with TBL1, we used HADDOCK 40 to dock both SMRT and GPS2 peptides into the groove on the surface of TBL1. The constraint on the docking was the identification of a broad surface on TBL1 encompassing the binding groove (identified by mutagenesis). The docking calculations yielded a dominant cluster for both peptides (144 for SMRT and 83 for GPS2, out of 200 solutions). Notably, these solutions showed a common mode of interaction with TBL1 ( Fig. 7a-c) that comprises not only a common orientation of the interaction helix but also many common details in the interactions of individual amino acid side chains at the interface. The common residues that define the interaction motif all make important interactions at the interface. The histidine and nonpolar residues are buried at the interface, and the basic residue on the back face of the helix interacts with two glutamate residues (Glu61 and Glu68) in TBL1. Glu7 is positioned so as to 'cap' the SMRT and GPS2 interaction helices, interacting favorably with the helix dipole. These docking solutions thus account for the behavior of the various mutations in TBL1, SMRT and GPS2 described above.
DISCUSSION
Studies from several laboratories have suggested that TBL1 and TBLR1 are core components of the SMRT and NCoR repression complexes [16] [17] [18] . This complex serves to recruit and activate HDAC3 and thereby plays a key role in the regulated repression of transcription 23, 25, 41, 42 . Here we report the structure of the highly conserved (from yeast to human) N-terminal domain of TBL1. We also present a model of how SMRT-GPS2 forms a heterodimeric complex and interacts with the TBL1-NTD. Our findings show that the TBL1-NTD has an important function as a structural scaffold mediating the assembly of this ternary complex and that the three-way interaction directs a concerted assembly process.
The crystal structure of the TBL1-NTD reveals a tetrameric organization. Dimerization of the TBL1-NTD domain was expected on the basis of comparison with other LisH-containing proteins 38, 39 . A key difference of the TBL1 dimer from the other LisH proteins is the positioning of the splayed helical arms creating an extended structure WT  I66A  V60N  L57Q  L57A  P45G  L43E  L43A  I39A   WT  I66A  V60N  L57Q  L57A  P45G  L43E  L43A  I39A   GST-SMRT   TBL1   WT  I66A  V60N  L57Q  L57A  P45G  L43E  L43A  I39A GST-GPS2 We have shown that the binding of SMRT and GPS2 to TBL1 is markedly enhanced as a result of the tight coiled-coil heterodimerization interface between the two partners. Furthermore, we have demonstrated, using several interaction assays, that SMRT and GPS2 interact with TBL1 through a very short helical sequence motif found in both proteins. The identification of this short interaction motif common to SMRT, NCoR and GPS2 raises the strong possibility that other proteins might contain one or two copies of this motif and also recruit TBL1 or TBLR1 through interaction with the same surface.
This would be analogous to nuclear receptors recruiting multiple LxxLL-containing coactivators. Indeed, if this were the case, it could explain why TBL1 and TBLR1 have been reported to be associated with complexes involved in the activation of transcription 29, 43 .
The finding that TBL1 was a tetramer in the crystal lattice was surprising to us as we had never observed two species of TBL1, which would have suggested a dimer-tetramer exchange. Accordingly, it was important to find evidence supporting the biological relevance of the tetramer observed in the crystals. Strong support for a tetramer in solution came from the markedly altered behavior of the protein (apparent from NMR and gel-filtration studies) upon mutation of a key nonpolar . The amino acid residues in the NMR structure are outlined in blue and red. Gray bar above sequence indicates a short predicted helical structure for both SMRT and GPS2 at similar distance from the coiled coil. A short sequence motif found in both SMRT and GPS2 in this helical region is outlined in green and yellow. (c) Sequence alignment of NCoR, SMRT and GPS2 showing the conservation of this motif and a helicalwheel representation of these residues showing the arrangement of the conserved, nonpolar residues on one side of the helix. (d) Three conserved residues in the motif were mutated both in GST-SMRT 227-297 and in GST-GPS2 .
Neither of the triple-mutant (MT) proteins bound to TBL1 1-90 in a pull-down assay. WT, wild type. (e,f) The SMRT-TBL1 interaction was tested in a mammalian two-hybrid assay with a luciferase reporter. Results show a reciprocal interaction between SMRT and TBL1 in cells and that the SMRT AEA mutation (mut; shown in Fig. 5d ) abolishes the interaction. AU, arbitrary units; Con, mock transfection control; VP, VP16 tag; Gal, Gal4-DBD tag. Data are shown as mean and s.d. of three independent replicates. a r t i c l e s residue at the tetramer interface (F26A). This unequivocally showed that the wild-type protein is a tight nondissociating tetramer in solution. Notably, the yeast corepressor protein Sif2p, a homolog of TBL1, has also been reported to form a tetramer through the N-terminal domain 44 . Indeed, oligomerization seems to be a common feature of other WD40-containing corepressor proteins, including GROUCHO from Drosophila melanogaster, TUP1 from yeast and the eukaryotic TLE corepressor proteins 45, 46 .
Evidence from other laboratories has suggested that the oligomerization mediated by the TBL1-NTD is critical for the biological function of TBL1. Mutations in this region of the protein abolish the repression activity of the protein as well as its interaction with chromatin and other components of the repression machinery 36 . Furthermore, it has been suggested that this region of the protein is also required for the nuclear localization of TBL1, and it has been proposed that, in general, LisH mutations are likely to be associated with disease 47 .
The finding that TBL1 is a tetramer explains many previous observations. First, it explains why the repression complex can contain both TBL1 and TBLR1: as both the dimerization and tetramerization interfaces are absolutely conserved between these two proteins, we expect that the two proteins would assemble to form heterodimers and heterotetramers. The formation of a tetramer would allow two corepressor proteins to bind to the TBL1 scaffold, suggesting that it might be possible for SMRT and NCoR to be simultaneously associated with the complex. Although some gene promoters have been reported to recruit both SMRT and NCoR 48, 49 , these may exist in separate complexes, as coimmunoprecipitation assays suggest that the repression complexes contain one or the other, but not both, of the corepressors (for example, see ref. 50) . Notably, recent evidence suggests that SMRT is able to form homodimers and heterodimers with NCoR 51 . Such dimers would be ideally suited to interact with a TBL1 tetramer and would account for the very large (1-2 MDa) size of the corepressor complex purified from nuclear extracts [16] [17] [18] .
A model of the core repression complex (based on the available structures of the various components and their homologs) is shown in Figure 7d . It is noteworthy that the splayed helical arms of the TBL1 tetramer position the four C-terminal WD40 motifs in TBL1 at the ends of helical arms at some distance from each other (~22 nm). This raises the question of what function the WD40 motifs have. In general terms, WD40 motifs have been found to be versatile protein-protein interaction modules. In some proteins, such as WDR5 and p55, it has been found that the WD40 motifs mediate interaction with histone tails 52, 53 . Given the established interactions between TBL1 and histones, it would seem reasonable to suggest that the WD40 motifs in TBL1 might also mediate interaction with chromatin 24, 35, 36 . The distance between the WD40 domains suggests that the complex might be able to associate with adjacent nucleosomes in decondensed chromatin and thereby effectively target histone deacetylase activity associated with the corepressor proteins to active chromatin and promote subsequent condensation. Thus, TBL1 is likely to serve as a scaffold for a chromatin-targeted machine. Indeed, the recent finding that HDAC3-containing complexes are associated with transcriptionally active genes 54 suggests that SMRT-TBL1-GPS2 and NCoR-TBL1-GPS2 complexes may have a role in resetting the chromatin after each round of transcription. This could explain why TBL1 has been reported to be associated with activators of transcription and may serve as an exchange factor through recruitment of the ubiquitination and proteosomal machinery 34 .
In conclusion, we report the first structural view of the core SMRT and NCoR repression complexes. This reveals the concerted assembly of the complex and gives insight into the nature and stoichiometry of the chromatin-targeted transcriptional repression machinery. 
METHODS
Methods
ONLINE METHODS
Protein expression purification and mutagenesis. TBL1 constructs (residues 1-71 and 1-90) were expressed with or without N-terminal His 6 affinity tags using the pETduet vector (Novagen). Fragments of SMRT (residues 167-297, 167-207 and 227-297) and TBL1 were cloned into the pET41a vector for expression with an N-terminal GST tag, followed by a tobacco etch virus (TEV) protease cleavage site. The GPS2 fragments (residues 1-90, 1-60 and 53-90) were cloned into the pET13 vector for expression without any affinity tag. Proteins were expressed in BL21 (DE3) cells at 37 °C. Protein expression was induced by addition of 0.4 mM IPTG for 3 h. For crystallization experiments, the His 6 -tagged TBL1 proteins were purified on nickel-nitrilotriacetic acid agarose (Qiagen) followed by gel-filtration chromatography using a Superdex-S200 26/60 column (GE Healthcare). Protein was eluted from the gel-filtration column in 100 mM NaCl and 50 mM Tris-HCl pH 7.4 and concentrated in this buffer to 8 mg ml −1 .
For NMR experiments, the GST-tagged SMRT and untagged GPS2 fragments were expressed separately in minimal medium with 15 N ammonium chloride and 13 C glucose. The cell suspension was mixed before lysis and the complex was purified using glutathione-Sepharose resin. TEV protease was used to remove the GST tag and release the complex from the resin. The complex was further purified by gel filtration (Superdex S200 26/60) and concentrated to 0.4 mM in 100 mM NaCl and 50 mM Tris-HCl pH 7.4, and then exchanged into 20 mM deuterated Tris-HCl pH 7.0 including protease inhibitor (Roche).
Mutations were created by QuikChange (Stratagene) site-directed mutagenesis and mutant proteins were expressed and purified in exactly the same manner as wild-type proteins.
Glutathione S-transferase copurification and pull-down assays. GST-tagged bait proteins and untagged target proteins were expressed separately and cell suspensions were mixed before lysis. The cleared supernatants were mixed with glutathione-Sepharose resin (GE Healthcare) and washed stringently, and the bound proteins were assayed by SDS-PAGE. SeeBlue2 molecular weight markers (Invitrogen) were used on all gels. NMR spectroscopy and structure calculations. NMR spectra were acquired and assigned, and structures calculated, as described in the Supplementary Methods.
Crystallization and X-ray structure determination. Initial crystal 'hits' were obtained from a screen of 1,440 conditions using an Innovadyne Screenmaker crystallization robot. Optimized crystals of both TBL1 fragments were grown at room temperature using the vapor-diffusion method. We mixed 1 µl of protein Diffraction data from the P6 1 22 and P2 1 2 1 2 1 crystals of TBL1 1-90 were collected at Diamond I03 and I04 respectively. Data for the P3 1 12 crystals were collected at European Synchrotron Radiation Facility ID14.2. Data were processed using mosflm and scala 55, 56 . The structure was solved for the P6 1 22 crystals by molecular replacement using Phaser 57 with a 30% model based on the four-helix bundle dimerization domain from the Lis1 protein (residues 9-36; PDB 1UUJ). Initially electron density consistent with the TBL1 sequence was observed, but with no additional density beyond the model. The additional TBL1 sequence was fitted after several rounds of refinement and building using REFMAC, CNS and Coot [58] [59] [60] . The final model contains residues 2-75 of chain A and 2-36 and 40-66 of chain B. This model was used to solve the structure in the P3 2 12 and P2 1 2 1 2 1 crystals. Owing to the low resolution of data for these crystals, only limited refinement was performed in atomic positions and grouped B-factors in REFMAC and CNS, respectively.
Fluorescence polarization assays. Fluorescence polarization assays were performed and analyzed as described in the Supplementary Methods. Transient transfection, reporter gene and coimmunoprecipitation assays. The constructs MH-100-TK-Luc reporter gene (containing Gal binding sites), pCMX β-gal along with VP16-fused TBL1 and GAL-DBD-fused SMRT 227-251 or GAL-DBD-fused SMRT 227-251 (AEA mutant) were transfected into 293T cells using jetPEI reagent (Qbiogene) according to the manufacturer's instructions. Cells were lysed and assayed for reporter expression 48 h after transfection. Luciferase activity was determined using the Luciferase Assay System (Promega) and normalized to the β-galactosidase activity. Measurements were carried out using a Wallac Victor 2 multilabel counter. All experiments were done in triplicate.
For the coimmunoprecipitation assays, full-length TBL1, chimeric GPS2 1-49 -SMRT 220-260 and chimeric GPS2 1-49 -SMRT 220-260 AEA double mutant were cloned into the pcDNA3 vector; the chimera constructs contained an N-terminal His 10 -Flag 3 tag. Constructs were transfected into 293T cells using jetPEI reagent (Qbiogene). Cells were lysed after 48 h and proteins were immunoprecipitated using anti-Flag M1 agarose affinity gel (Sigma) in accordance with the manufacturer's instructions. Proteins were analyzed by SDS-PAGE followed by western blotting using antibodies to TBL1 (Abcam) or the Flag tag (Sigma).
Modeling TBL1-peptide interactions. The interaction between TBL1 and the SMRT, GPS2 and NCoR peptides was modeled using protein-protein docking within HADDOCK 40 . Residues lining the elongated binding pocket of TBL1 were selected as the active site for docking, as well as all residues of the SMRT and GPS2 peptides, which were initially built as helices.
The default HADDOCK docking and refinement protocol generates 1,000 independent rigid-body minimizations and docked complexes. The 200 lowestintermolecular energy solutions were subjected to semiflexible simulated annealing, wherein side chain flexibility was permitted for the active site residues. Each structure was then refined in explicit water and subjected to cluster analysis.
The refined protein complexes were grouped into clusters using a 2-Å threshold r.m.s. deviation. Ten complexes from each cluster with the lowest overall energy were subjected to rational analysis.
